Nitrogenase activity in mangrove forests at two locations in the North Island, New Zealand, was measured by acetylene reduction and 'sN2 uptake. Nitrogenase activity (C2H2 reduction) in surface sediments 0 to 10 mm deep was highly correlated (r = 0.91, n = 17) with the dry weight of decomposing particulate organic matter in the sediment and was independent of light. The activity was not correlated with the dry weight of roots in the top 10 mm of sediment (r = -0.01, n = 13). Seasonal and sample variation in acetylene reduction rates ranged from 0.4 to 50.0 ,umol of C2H4 m-2 h-1 under air, and acetylene reduction was depressed in anaerobic atmospheres. Nitrogen fixation rates of decomposing leaves from the surface measured by 15N2 uptake ranged from 5.1 to 7.8 nmol of N2 g (dry weight)-' h'-, and the mnean molar ratio of acetylene reduced to nitrogen fixed was 4.5:1. Anaerobic conditions depressed the nitrogenase activity in decomposing leaves, which was independent of light. Nitrogenase activity was also found to be associated with pneumatophores. This activity was light dependent and was probably attributable to one or more species of Calothrix present as an epiphyte.
Asymbiotic nitrogen fixation has been demonstrated in many forest ecosystems (17, 22) . Although nitrogenase activity is generally low in these environments, over the life of a forest these inputs often more than offset losses due to leaching and denitrification, resulting in long-term accumulations of nitrogen in forests (7, 21) . At least three sites of asymbiotic nitrogen fixation have been identified in forest environments: measurable activities have been identified in decaying litter (18) , decaying wood (11, 20) , and the rhizospheres of some tree species (16, 19) . The majority of workers have been unable to detect significant nitrogenase activity in mineral soil (17, 22) . Although some workers have implicated anaerobes as the agents of nitrogen fixation (17) , recent work indicates that aerobic or microaerophilic organ- isms are predominant (20) .
The mangrove forest ecosystem represents a very special environment, in which sediments are almost entirely anaerobic and loss of nitrogen from denitrification rnay be very high (12) . Acetylene reduction assays have shown nitrogenase activity in the soils of the mangrove species Avicennia germinans, Laguncularia racemosa, and Rhizophora mangle (10, 24) . These studies indicated that the measured nitrogenase activity was root associated (24) and was greatest under anaerobic conditions (10, 24) .
In addition, Gotto and Taylor (8) measured acetylene reduction in decaying leaves of R. mangle, and recently there has been a report of nitrogen-fixing bacteria occurring in warty lenticellate bark of Brugiera gymnorrhiza (23 C2H2 reduction assay. The C2H2 reduction assay for nitrogenase activity was conducted by previously described methods (9) . Aerobic incubations were conducted by adding 10.13 kPa (0.1 atm) of C2H2 to air in enclosed vessels, and anaerobic incubations were initiated by flushing with Ar before addition of C2H2 (10.13 kPa). The incubation time varied with the material and ranged from 12 to 20 h. Time courses showed that rates of C2H4 production by intact cores were linear between 8 and 24 h.
After incubation, 0.1-ml gas samples were analyzed for C2H4 production by a Carle 9500 Basic gas chromatograph with a flame ionization detector. The gas samples were carried by a flow of dry nitrogen (0.67 ml s-1) through a 1.6-mm (internal diameter) copper Experiments to investigate the effect of light were conducted in 100-or 1,000-cm3 glass jars rather than in polyvinyl chloride tubes. Sediment cores were incubated in a water bath at 18TC under full sunlight.
'5N2 fixation by decomposing leaves. Decomposing leaves were collected from the sediment surface at site 2, washed gently ih seawater to remove adhering sediment, put into 7-ml screw-capped serum bottles, and preincubated for 8 h at 28°C. The bottles were then flushed with Ar, which was replaced with a mixture of 50.66 kPa of N2 (60 atom % excess 15N2), 30.4 kPa of Ar, and 20.27 kPa of 02. After incubation of the bottles for 20 h at 28°C, the uptake of 15N2 was stopped by the injection of acetylene to 10.13 kPa, and C2H2 reduction was assayed after 1 h. Soluble nitrogen was extracted from the leaves with 3 N hydrochloric acid, and both extract and residue were kjeldahl digested. The ammonia was recovered in solution, and finally N2 gas was regenerated by the addition of 10% lithiutm hypobromite and analyzed with a GEC/AEI MS10 mass spectrometer.
RESULTS
Nitrogenase activity by sediments. Six replicate cores, taken from beneath mangrove trees and from immediately outside the mangrove area, were incubated with acetylene. The mean activity was 12.3 ,umol of C2H4 m-2 h-' within the stand and 4.9 p.mol of C2H4 m-2 h-' outside, confirming that N2 fixation occurs in New Zealand mangrove stands.
The coefficient of variation of the samples (n = 6) taken under mangrove trees was 66%, and many other samples from similar sites also showed a wide range of nitrogenase activity, from 0.4 to 50 ,umol of C2H4 m-2 h-'. However, samples taken outside the stand in similar substrates always showed low spatial variability, with a coefficient of variation in the above experiment of bnly 19%. In a large number of further experiments, we have consistently confirmed that nitrogenase activity is normally found in cores of estuarine muds and that it is significaltly higher and spatially more variable in the presence of mangrove trees than away from them.
Sediment cores were niormally 100 mm deep, and to determine whether the complete core or the top surface only was contributing to the observed nitrogenase activity, cores of different depths were assayed. Four replicate cores ranging from 10 to 100 mm in depth (measured from the top surface) were incubated in C2H2 for 20 h and assayed for C2H4. The results (Table 1) indicate that the rates of t2H2 reduction observed in cores came from the top 10 mm or even less. That activity did not increase with increasing core depth indicates the existence of a diffusion limitation to acetylene reduction by intact sediments. The apparent decline in activity with increasing core depth is not statistically significant.
Effect of light. To investigate the possibility that superficial cyanobacteria were responsible for the observed nitrogenase activity, six replicate cores were incubated in glass jars in the light and in the dark. Mean nitrogenase activities after 12 h were 6.1 and 6.2 ,umoi of C2H4 m-2 h-' for light and dark treatments, respectively, indicating no significant light-dependent cyanobacterial contribution to sediment activity.
Source of variability. Several experiments were done in which, after incubation of sediment cores with C2H2, the identifiable organic fractions (CPOM and roots) were separated from the top 10 mm. No correlation was observed between nitrogenase activity and root dry weight. For example, C2H2 reduction in 13 cores (18 h of incubation) ranged from 0.4 to 11.0 nmol of C2H4 core-' h-1, and root dry weight ranged from 0.02 to 0.34 g core-1 (r = -0.01). However, a highly significant correlation was always found between the very variable C2H2 reduction rates and CPOM. For example, C2H2 reduction in 17 cores (after 11 h of incubation) ranged from 0.6 to 13.2 nmol of C2H4 core-' h-1 and was very significantly correlated with CPOM (r = 0.91; Fig. 2) .
Oxygen dependence. Experiments with both intact cores 100 mnm deep and the top 10 mnl of sediment stirred in seawater (Table 2) showed that anaerobic conditions normally depressed nitrogenase activity in the sediment material. It may be concluded that at least some, and probably most, of the nitrogenase activity observed in the surface sediments and decaying leaves is aerobic or microaerophilic.
Seasonal variation. Nitrogenase activity in aerobically incubated 100-mm sediment cores taken from site 1 over a period of 11 months showed a distinct seasonal pattern of variation (Fig. 3) . Rates of C2H2 reduction were at a maximum in summer, around February, and were lowest in winter, from about May to September.
Acetylene reduction by decomposing leaves. The density of recently fallen decomposing leaves ranges from 0.1 to 25 g (dry weight) m-2 under the mangrove canopy. Decomposing leaves incubated in C2H2 at various temperatures for 10 h showed high rates of C2H2 reduction (Table 3) , with a Qlo of approximately 2. These results can be compared with activities in CPOM (Fig. 2) , which averaged 30.8 nmol of C2H4 g (dry weight)-' h-1.
Anaerobic incubations of leaves significantly depressed nitrogenase activity in decaying leaf material, and this was even more marked than in sediments (Table 2) . Means: fixation, 6.0; C,H2 reduction rate, 27.1; molar ratio, 4.5. '5N2 fixation by decomposing leaves. Confirmation of nitrogen fixation in decaying leaves was obtained by assaying 15N2 uptake. The results (Table 4 ) confirm that fixation in three replicate samples occurred at rates of over 5 ,umol of N2 g (dry weight)-" h-1. C2H2 reduction rates for the three replicates (Table 4) were much more variable, leading to a range of molar ratios (3.4 to 5.7) with a mean of 4.5. Although we cannot rule out the possibility that 02 and substrate depletion may have occurred during incubation, time course experiments showed that C2H4 production was linear over similar periods.
Acetylene reduction by pneumatophores. The breathing roots of some mangroves (pneumatophores) are vertical roots, S to 12 mm in diameter, extending 100 to 200 mm above the sediment surface. They occur in very high concentrations in muddy places. C2H2 reduction rates of individual freshly harvested pneumatophores exhibited a wide range of activity, from 0 to 1,500 nmol of C2H4 h-1, but rates generally ranged from 100 to 500 nmol of C2H4 h-1 in summer. Highest rates occurred in midsummer, and very low rates occurred in winter.
The light dependence of C2H2 reduction in pneumatophores was tested by preincubating them for 10 h at 45 microeinsteins m-2 s-1 (cool, white fluorescent light) and in the dark, and assaying for C2H2 reduction under the same conditions for the following 19 h at 25°C. Rates per pneumatophore averaged 94 ± 45 nmol of C2H4 h-1 in the light and 18 ± 4 nmol of C2H4 h-1 in the dark, showing a strong light dependence.
Pneumatophores with high C2H2 reduction rates invariably had a high density of the heterocystous cyanobacterium Calothrix, which is a known nitrogen-fixing organism (15) .
Pneumatophore density is variable and ranges from less than 10 m-2 in sandy, well-aerated sediments to 300 m-2 in muddy, waterlogged areas. Assuming a nominal density of 100 m-2 and a C2H2 reduction rate of 300 nmol of C2H4 pneumatophore-1 h-1, the contribution of pneumatophores could be in the order of 30 Rmol of C2H4 m-2 h-1, or over twice the average seasonal maximum rate for sediments (Fig. 3) . DISCUSSION A wide range of nitrogen-fixation sites has been identified in aquatic environments. It is clear from our work and that of others (1, 3, 13) that root-free estuarine muds contain active nitrogen-fixing bacteria. It is equally clear that activities are low and are considerably increased by the presence of plants, both in freshwater systems (2, 6) and in marine environments (13, 24) . A general conclusion from the above work and from work on some terrestrial habitats is that the plant stimulates nitrogen fixation by providing the rhizosphere habitat. However, our work showed no evidence of significant root-associated activity in surface sediments, and instead, the sediment core activity could be entirely accounted for by decaying organic matter (mainly twigs and leaves). Zuberer and Silver (25) (25) found no significant depression of mangrove leaf C2H2 reduction under aerobic conditions. The highest unit rates of nitrogenase activity in the present study were associated with excised pneumatophores. This activity was correlated with the presence of Calothrix. It is interesting to note that Calothrix is not recorded among the algal flora of mangrove pneumatophores in New Zealand (4, 5) , which may indicate seasonal periodicity or other site factors, but has been recorded on pneumatophores of Avicennia marina in Sinai (14) . High Calothrix abundance in our work was invariably accompanied by high nitrogenase activity.
Our study has revealed that nitrogenase activity occurs in New Zealand mangrove forest sediments and that it differs from that associated with plants in other aquatic environments because it appears to be principally independent of light, based on organic matter, and depressed by anaerobic conditions. However, the majority of nitrogen fixation in New Zealand mangrove forests is likely to come, under optimum conditions for algal productivity, from the epiphytic flora on pneumatophores. 
